To recognize good mechanical properties and water-resistance of a dental resin, dimethacryloxyethyl-1,1,6,6-tetrahydro-perfluorohexamethylene-1,6-dicarbamate (FDMHD) was newly synthesized. FDMHD initially was a white powder with m.p. 98.5−99.5°C. The copolymers of FDMHD and methyl methacrylate (MMA), FDMHD/MMA copolymers, were prepared to estimate the basic properties for dental resin materials. The compressive strength of FDMHD/MMA copolymers was almost the same compared with those of the copolymers of Bis-GMA or dimethacryloxyethyl-hexamethylene-1,6-carbamate (DMHD) and MMA. The bending, tensile, diametral tensile, impact strength and toughness of FDMHD/MMA copolymers containing 10.4 mol% FDMHD were higher than those of Bis-GMA/MMA copolymer, and the water sorption of FDMHD/MMA copolymers was lower than those of DMHD/MMA copolymers.
INTRODUCTION
Difunctional monomers, such as Bisphenol A diglycidyl methacrylate (Bis-GMA) and triethylene glycol dimethacrylate (TEGDMA), have been used widely as dental base monomers of a resin composite and hard bridge and crown. Many other monomers have been studied to improve mechanical properties [1] [2] [3] [4] [5] [6] and minimize polymerization shrinkage 7, 8) in a resin composite. In addition, there were research studies which improved the mechanical properties [9] [10] [11] [12] [13] and water resistance 14, 15) of the resin introduced fluorine into the dental monomer. The monomers with aromatic backbone in the middle part of their molecular structure certainly improve the hardness and abrasion-resistance of the resins regardless of whether or not they contain fluorine, however, they become brittle resin. Dental resinous materials such as a resin composite must have not only strength and hardness but also toughness and water resistance. On the other hand, the dimethacrylates with two urethane bonds in a molecule (UDMAs), such as dimethacryloxyethyl-trimethyl hexamethylene-1,6-carbamate (DTHC) etc., show a favorable level of toughness compared with those of the dimethacrylates formed by the ester bond [16] [17] [18] [19] . The resins prepared from UDMAs, however, showed high water sorption in order to the urethane bonds 17) . Kawaguchi et al. 20) reported that when hydrophobic hexamethyleneglycol dimethacrylate was added as a dilution monomer of UDMAs to improve the water resistance of UDMAs, the water resistance of the resins obtained was also improved. Takahashi 21) reported that a 1,6-(2,2,3,3,4,4,5,5-octafluoro)hexanediol dimethacrylate (FHDDMA) was added to DTHC as a dilution monomer instead of TEGDMA and the water resistance of FHDDMA/DTHC copolymer was improved compared with that of the TEGDMA/DTHC copolymer. Introduction of fluorine to the monomer molecule with urethane bonds may provide good water-resistance and toughness to the dental resins, moreover it adds resistance to staining and microbial attachment by its excellent hydrophobicity.
The purpose of this study is to synthesize a fluorine substituted monomer with urethane bonds and to estimate the mechanical properties and water-resistance of the copolymer which consist of the synthesized monomer and MMA. -1,1,6,6-tetrahydroperfluorohexamethylene-1,6 -dicarbamate Dimethacryloxyethyl-1, 1, 6, 6-tetrahydro-perfluorohexamethylene-1,6-dicarbamate (FDMHD) was synthesized according to the methods of Miyashita 22) . To a solution of 17.0 g (0.131 mole) of 2-hydroxyethyl methacrylate (HEMA) (Wako Pure Industries, Osaka, Japan) and 0.08 g (0.71 mmole) of triethylenediamine (Wako Pure Industries) in 80 mL of dry benzene (Wako Pure Industries), 10.2 g (32.7 mmole) of 1,1,6,6-tetrahydroperfluorohexamethylene-1,6-diisocyanate (ASAHI GALASS, Tokyo, Japan) in 30 mL of dry benzene was slowly dropped at room temperature. The HEMA was distilled in vacuum just before use. The reaction mixture was stirred for 15 h at 45°C. The conclusion of the reaction was confirmed by observing the disappearance of the infrared isocyanato band at 2,300 cm −1 . Benzene, 100 mL, was added into the solution and the solution was washed several times with 50°C distilled water and then dried over anhydrous sodium sulfate over night. After filtration, the most of benzene was removed at reduced pressure and the white powder was obtained. The products were identified by an infrared spectroscopy (Model FTIR-4000, Shimadzu co., Ltd., Kyoto, Japan) and H-NMR spectroscopy (Model RH-90, Hitachi Co, Tokyo, Japan) with tetramethylsilane as an internal standard. TEGDMA (Wako Pure Industries), Bis-GMA (Shin-nakamura chemical Co., Wakayama, Japan) and dimethacryloxyethyl hexamethylene-1,6-dicarbamate (DMHD) were used as control. DMHD was prepared from HEMA and hexamethylene diisocyanate (Wako Pure Industries) by the method described above. Table 1 shows the chemical formulas of the difunctional monomers used in this study. It is very difficult to obtain clear and bubble less homopolymers of FDMHD by bulk polymerization, because FDMHD is powder with a relatively high melting point. Therefore, the copolymers of those monomers and methyl methacrylate (MMA) (Wako Pure Industries) were prepared and the mechanical properties of the copolymers were examined. FDMHD was dissolved to MMA at 20 and 40 wt% (4.19 and 10.4 mol% respectively) and 0.5 wt% of benzoyl peroxide (Wako Pure Industries) was added in glass tubes which were four, six and ten mm inside diameter. And the glass tubes were sealed, and then the mixture was cured for eight hours in water bath at 50°C followed by for two hours in dry oven at 100°C.
MATERIALS AND METHODS

Synthesis of dimethacryloxyethyl
Preparation of copolymers
Measurement of mechanical properties
Five specimens for the measurement of the mechanical properties were cut from the copolymers. The size of the cylindrical specimens for compressive, diametral tensile, and bending strength were four mm diameter and eight mm length, six mm diameter and five mm length, and four mm diameter and 25 mm length, respectively. Compressive and diametral tensile strength were measured on an universal testing machine (Model IS-500, Shimadzu Co., Ltd., Kyoto, Japan) at a cross-head speed of 2.0 mm/min, and compressive strength was calculated from the value of the proportional limit of the stress-strain curves obtained, and diametral tensile strengths were from breaking point.
A transverse bend test was performed with a three-point bend test jig supporting the specimen on two parallel rods 20 mm apart with a centrally applied load at a cross-head speed of one mm/min. Bending strength was calculated from the value of the yield point. Those specimens were tested after the storage in 37°C water for two days for bending strength.
Six specimens for tensile test were cut from the cured polymers and the size was 2.5×2.5×25 mm. The surface of the specimens was polished with #1,000 water-proof paper running under water. Self-cured resin was heaped at both sides of the sample except for centers about 8 mm of the sample, and the sample was made to be a shape of the dumbbell. The specimens were immersed in 37°C water for two days prior to the test and were measured at a cross-head speed of one mm/ min.
Knoop hardness was carried out with a microhardness tester (Model DMH-2, Matsuzawa-seiki Co., Ltd., Tokyo, Japan). The size for the measurement was 10 mm diameter and one mm thickness. The load on the diamond indenter was 100 g applied for five seconds.
An abrasion test was made on a mechanical toothbrushing machine (Model K172, Tokyo-giken Co., Ltd., Tokyo, Japan), and the specimens were brushed 5 cm Table 1 Chemical formulas of the monomers used in this study, and the codes back and forth 30,000 times with nylon brushes covered with toothpaste (Dentor, Lion Co., Tokyo, Japan). Before and after the abrasion test, the specimens were dried in a desiccators containing thoroughly dry silica gel at room temperature for 24 h, and then weighted with a precision of 0.1 mg (Mettler, AE-163). The measurement of the weight was repeated until the weight loss each specimen was not more than 0.2 mg in any 24-h period. Weight decrease was measured before and after abrasion followed by the abrasion loss was calculated as abrasion volume.
Izod impact test was conducted on a UF Impact tester (Ueshima Seisakusho Ltd., Tokyo, Japan). Non-notched five specimens, 50×6×6 mm, were cut from the cured polymers. The notch was not carved in the sample, because it is difficult to make the reproducible notch. The surface of the test pieces was polished with #1,500 water-proof paper by same method above. The part ranging from the bottom to two cm of the specimens were attached to the steel support with the force of torque wrench. After immersion in 37°C water for two days, the specimens were impacted with the hammer which has a moment of 20 kgf•cm.
Amount of water sorption was determined according to American Dental Association Specification No. 27, except for the number of specimens was five and the size was 10 mm diameter and one mm thickness.
The statistical analysis of the results for each group of measurements was conducted using Tukey's test with the level of statistical significance at p<0.05.
RESULTS
DMHD and FDMHD were quantitatively obtained over the 98% yield, and were white solid with the melting point at 73−74 and 98−99°C respectively.
1 H NMR and IR spectra of the synthesized FDMHD are shown in Figures 1and 2 and the characteristics are summarized in Table 2 . FDMHD was spectrally identified as a new compound by 1 H NMR and IR spectra. The mechanical properties of the copolymers of four dimethacrylates and MMA were shown in Tables 3 and  4 , respectively. The compressive strengths of three copolymers containing Bis-GMA, DMHD, and FDMHD were higher than those of the TEGDMA/MMA copolymer and PMMA (p<0.05).
The bending strength of the FDMHD/MMA copolymer was higher than those of three copolymers containing TEGDMA, Bis-GMA, and DMHD at breaking point (p<0.05). The bending modulus of the FDMHD/MMA copolymer was lower than that of the copolymer containing 10.4 mol% Bis-GMA (p<0.05), and was higher than those of other copolymers containing TEGDMA and DMHD (p<0.05). The tensile strength of the FDMHD/MMA copolymer was higher than those of the other three copolymers, and was same as that of PMMA (p<0.05). On the diametral tensile strength, there was no significance found through observing the strength of the copolymers which contained each monomer of 4.2 mol% (p>0.05) ( Table 4) . With the content of 10.4 mol%, the strengths of DMHD/MMA and FDMHD/MMA copolymer were higher than those of the TEGDMA/MMA and Bis-GMA/MMA copolymer (p<0.05). The values of the Knoop hardness of the copolymers containing 10.4 mol% Bis-GMA and FDMHD were higher than those of other copolymers (p<0.05). The hardness of the TEGDMA/MMA copolymer was the lowest in all the copolymers (p<0.05). The values of abrasion loss in the copolymers containing 10.4 mol% dimethacrylates were lower than those of the copolymers containing 4.2 mol% dimethacrylates (p<0.05), and there Table 2 Characteristics of FDMHD was no significance found related to the abrasion loss among the copolymers containing 4.2 mol% or 10.4 mol% (p>0.05). The Izod impact strength of the TEGDMA/ MMA copolymer was lower than those of the DMHD/ MMA and FDMHD/MMA copolymers (p<0.05), and there was no significant difference compared with that of the Bis-GMA/MMA copolymer (p>0.05). There was no significance found related to the strength between the DMHD/MMA and FDMHD/MMA copolymers (p<0.05). The amount of water sorption of the four copolymers showed high value compared with that of PMMA except for that of the copolymer with 4.2 mol% FDMHD. The amount of water sorption of the copolymer containing 4.2 mol% FDMHD was the lowest in all the copolymers (p<0.05), and that of the copolymer containing 10.4 mol% DMHD was the highest in all copolymers (p<0.05) ( Table  5) .
DISCUSSION
The mechanical and physical properties of dental acrylic resins containing difunctional methacrylates are assumed to be strongly dependent on the chemical structure of the methacrylates and the nature of their network formation formed.
Therefore, when the copolymers are prepared from MMA and difunctional monomers with various molecular sizes, there are two methods for the blending of those monomers known as mass percent and molar percent. In this study, molar content was adopted in order to obtain the copolymer with a constant crosslinking density.
FDMHD/MMA copolymer obtained was transparent. The results of the mechanical properties obtained are shown in Tables 3 and 4 , respectively. Compressive and diametral tensile strengths of all the copolymers were higher than that of the PMMA. Furthermore, the Table 4 Mechanical property and water sorption of the copolymers of dimethacrylate and MMA strengths of the Bis-GMA/MMA and FDMHD/MMA copolymers increased with the contents of Bis-GMA and FDMHD to MMA, while those of the TEGDMA/MMA and DMHD/MMA copolymers decreased. Bis-GMA has the rigid structure of bisphenol A, and FDMHD is also rigid compared with DMHD in terms of the bound of the rotation of the -(CF2)n-chain which substituted hydrogen with bulky fluorine 23) . A similar trend was also appeared in the results of Knoop hardness. On the other hand, the decrease of the strength with the increase of the content observed for TEGDMA/MMA and DMHD/MMA copolymer seems also to be caused by the chain of -(CH2CH2O)-and -(CH2)-.
Diametral tensile strength (Breaking point), which is one of an indication of toughness, showed very interesting results. The strengths of TEGDMA/MMA and Bis-GMA/MMA copolymer decreased with an increase of the content of those monomers. The copolymer containing Bis-GMA provided hard materials, but became brittle. While those of DMHD/ and FDMHD/ MMA copolymer increased with the content of those monomers and it seems to be the effect of the urethane bonds.
The bending strength of FDMHD/MMA copolymer was the largest in all of the copolymers, and the value of the standard deviation was small. In spite of lacking an aromatic backbone in the structure of FDMHD, the bending modulus of FDMHD/MMA copolymer was almost the same compared with that of the Bis-GMA/ MMA copolymer. FDMHD/MMA copolymer provided not only higher strength but also excellent toughness.
The values of the abrasion loss of four copolymers were lower than that of PMMA and decreased with an increase in the content of those monomers. The abrasionresistance of the DMHD/MMA and FDMHD/MMA copolymer was better than that of the Bis-GMA/MMA copolymer, which may be due to the effect of the urethane bonds.
Tensile strength of those copolymers, except for the TEGDMA/MMA copolymer, showed some significant difference compared with that of PMMA and the strength was very similar to that found by diametral tensile strength.
Impact strength of those copolymers was in the following order; DMHD/, FDMHD/, Bis-GMA/>TEGDMA/ MMA copolymer>PMMA. As we would expect, the strength of the resin containing the monomers with urethane bonds in spite of lacking an aromatic backbone was high.
The amount of the water sorption of four copolymers was in the following order; DMHD/>TEGDMA/>Bis-GMA/>FDMHD/MMA copolymer. The large sorption of the DMHD/MMA copolymer was due to urethane bonds and that of the TEGDMA/MMA copolymer was due to the chain combination of -(CH 2CH2O)-. Though the Bis-GMA monomer has a hydrophobic aromatic backbone, the water sorption of the Bis-GMA/MMA copolymer showed relatively high value. The fact has been reported by other workers 24, 25) , and the cause was explained on the basis of the higher polarity of two hydroxyl groups of Bis-GMA. The water sorption of the FDMHD/MMA copolymer was small compared with that of the DMHD/MMA copolymer, and also small relative to those of other copolymers. On the other hand, that of FDMHD/MMA copolymer containing 10.4 mol% FDMHD was higher than that of the copolymer containing 4.2 mol%, namely, the water absorption of FDMHD/MMA copolymer may be greatly influenced by the urethane bonds compared with the effect of the fluorine substitution.
CONCLUSION
A difunctional fluorine-substituted monomer with two urethane bonds, dimethacryloxyethyl-1,1,6,6-tetrahydroperfluoro-hexamethylene-1,6-dicarbamate (FDMHD) were synthesized and the copolymers of FDMHD and methyl methacrylate (MMA) were prepared to estimate the basic properties for dental resin materials.
The values of bending, tensile, diametral tensile, impact strength, bending modulus, and toughness of the FDMHD/MMA copolymer containing 4.2 mol% FDMHD were higher than those of the Bis-GMA/MMA copolymer. The compressive strength, hardness and abrasion loss of the FDMHD/MMA copolymer was same compared with those of the Bis-GMA/MMA copolymer.
In the comparison with DMHD/MMA copolymer without a fluorine-substitute, the value of bending strength, bending modulus, and tensile strength of the FDMHD/MMA copolymer were higher than those of the DMHD/MMA copolymer. The compressive and diametral tensile strength, hardness, abrasion loss, and impact strength of the FDMHD/MMA copolymer were same compared with those of the DMHD/MMA copolymer. And the amount of water sorption of the FDMHD/MMA copolymers was lower than those of the DMHD/MMA copolymers.
